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• 1. Introduction
•
•
On 27th January 1988 serious fl ooding occurred in the city of I rmo from the
River Kenwyn. • Fifteen residential and 50 city centre commercial properties
•
were fl ooded, resulting in damage which may exceed f l lvf . A retu rn period
of 350 years was attr ibuted to the fl ood; thus most residents considered that
•
it would be unlikely to occur again in their lifetime. On 11th October 1988
an even greater fl ood occurred fl ooding similar properties and causing trafi c
•
disruption. Given the small probabil ity of experiencing two fl oods within 10
months, both with return periods greater than 300 ycars, the Institute of
•
Hydrology was asked to re-analyse the available information and assess the
future fl ood risk.
•
•
• 2. Descr iption of ca tchment
•
•
2.1 HYDROMET RIC CHARAC TERISTICS
•
The River Kenwyn has been gauged by South West Water since 1968. The
•
gauging station is situated just inside the city limits. Fl ows are measured by a
three bay compound Crump weir. Upstream shoals affect the precision of low
•
fl ow measurements but high fl ows, up to a stage of 1.98 m (the height of the
piers and wing walls), are measured accurately. Some 30 m downstream of the
• station a twin arch bridge carries the main road over the river. It is thought
that throt tl ing of fl ows by these culverts may cause drowning of the gauging
• structure during extreme floods.
There is a daily read rain gauge in Truro, but the nearest autographic gauge
is at Rosewarne (Figure 2.1). Until the summer of 1988 a weather radar was
• operating at Camborne. It was then moved to Predannack. Absolute rainfall
depths are not as accurate as convent ional rain gauges but radar data gives an
• indicat ion of the relative depths in dif erent hours through the storm from
which daily totals can be distr ibuted.
•
•
2.2 PHYSICAL CHA RAC TERISTICS
•
The city of Tnu o is built on the banks of the rivers Kenwyn and A l len in
•
mid-Cornwal l. The reference catchment used for this study is that above the
gauging station, which has a drainage area of 19.1 km2 (Figure 2.2.1). A t
• present, just over 6% of the catchment is urbanised, as depicted on the 1984
1:50,000 O.S. map. Previous map editions show that there has been some
• urban development over the last 30 years, particularly at Threemilestone,
Shortlanesend and the Highertown area of the city. Nevertheless, these
• developments account for only 0.5% of the catchment area; just less than 6%
•
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• Figure 2 2 1 Classif ication of soils underlying Kenwp and A llen
•
Catchm ents
•
• Denb igh 1> hr ..  r—
• Sportsmans
• / I / -*// i i Sportsmans
•
•
Y e6 n la
f
• Yeollandpark
• Denbig 2
• ( L
•
.- - 13
- •
\ C ..%1
, ........ .. -- ..... / i 0 /
•
- I I/ ." - ... ._ ..t . t f I
• i N
/
.
..- -- - ._ i, It
t -7
I m i I (
\ I i I/
-- . e
•
...v.- - ...... / SporN nans 1 Denb igh 1 i 1/
b 'o  1
.....-- - -t C. ._,
./ %. t 01. . .
(
I \
S . C .( ' .. . . 3/4 . ..
NI \ . %
\ I .1
I i 4 % 1
/• / 1 .- -
- .
-
... a. .
... -
..
.
. N
/ r
1 "l i ve r \
I • , ,!,‘ Denb i h  2 )
t . / / \• ( 1'
• \ 4-0
. .
  
i
/ i 1 •••.
\
l
. (
•
, -)
1
N t9,0‘ \
->it. /
Denbigh 2
\ (._
-1 i
t
/ / \\ vet . 1-1) e  . _ •
• \ S »)‘c? i Z. .' D  %
" N
it ibi h 1 /t t
v .. N. .4% I „ \ ‘. ... ..1 1 e % I / /
•Im. •
•
N. .. . . ' . - %
\ i y i N 1„,
1% ... \
. ... .... ... ...
, ... - . .. r / \ U ary
-- - _ __
..--- -
,
.
•
t . Urban
•
-_ _
— ---- ej TRURO
•
•
•
•
•
11
II
2
of the catchment arca shown on the 1:25,000 0 .5. map published in 1960
(revised 1933-58) is urbanised. The drainage area near to the centre of the
city (at the entrance to the culvert , see Section 2.3) is 19.4 km2. The extra
• 0.3 km 2 is entirely developed; thus, to this point, 7.4% of the catchment is
urbanised.
•
There is an abrupt change in land use at the city limits. Outside the city the
• catchment is almost entirely rural with only a few small villages (including
Threemilestone and Shortlanesend) and farms. Land use is predominantly
• pasture though there are small areas of copse and woodland. The terrain is
broadly roll ing, with rounded hil ls, though locally steep; the mainstream has a
• slope (51085) of 13.1 m km- 1. The length of the main channel above the
gauging station (MSL) is 7.18 km. Other catchment characteristics are given at
• the beginning of Appendix 2.
• The Kenwyn and A llen catchments are underlain by rocks of Devonian age,
predominantly slates and greywackes. The deposits were laid in an east-west
geosynclinal trough and are known as the Gramseatho beds. Figure 2.2 shows
that soils are predominantly typical brown earths of the Denbigh association
• (mostly Denbigh 1) consisting of brown, slightly stony clay loam (Findlay et al,
1984). These soils are permeable and naturally well drained and accept most
• winter rain. But temporary water storage capacity is limited by rock or,
locally, compact drift at less than 80 cm depth which causes some runof .
Smal l amounts of cambic stagnogley soils of the Sportsmans association occur
along parts of the watershed. These soils are moderately stony, gleyed and
• seasonally waterlogged.
•
2.3 HYDROLO GICAL CHARAC IE RISTICS
•
• The hydrograph for part of November 1972 (Figure 23.1) illustrates many of
the hydrological characteristics of the Kenwyn catchment. It can be seen that
• rainfal l has two ef ects. Firstly, the hydrograph is dominated by a slow rise in
base fl ow which lasts for many days before recessing slowly to a residual level.
• Secondly, there are short-lived, fai rly steep rises, followed, within a few hours,
by a recession to a slightly higher base fl ow level. The 1:25 ,000 O.S. map of
• the area shows a number of wells and springs along the water course.
However, the hydrogeology of the catchment is not well understood. Geological
survey records indicate that several exploratory boreholes sunk in the area
have yielded litt le commercially exploitable water; thus there is no evidence for
• a large deep aquifer. Nevertheless sub-surface storage is clearly sufi cient to
delay runof for several days on many occasions. Groundwater level data
• would have been very useful for this study.
• A nalysis has shown (Boorman, 1985) that the majority of the fl ood
hydrographs contain only a small percentage (less than 10%) of the rainfal l
• volume, due mainly to the permeable soils. There is no evidence of the
import or export of water between catchments along mine-shafts or day-levels.
• The major proportion of rainfal l supplies the slowly responding base fl ow
component. The fl ow at the peak of the fl ood is therefore control led by a
• combination of the quick response from immediately preceding rainfal l and the
slower response from rainfal l several days ear lier. Thus antecedent conditions
• are very important in the fl ood hydrology of this catchment. Large fl oods are
•
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therefore less likely to occu r in the summer when the an tecedent condit ions
• are usually dry. Historical reco rds (Section 3) show that even when mo re than
50 mm of rainfall was recorded in one day in August 1959, no river fl ooding
•
occu rred.
•
The average annual rainfall for the Kenwyn catchment is around 1120 mm, for
the standard period 1941-70. Just over 40% of the rain falls during the
•
mo nths November to February, with a further 20% falling in September and
October (Bleasdale , 1971). These are therforc the critica l months for fl ooding.
• 2.4 H YD RA ULIC CH A RA CTERISTICS
Above the fl ow measurement station the catchment is predominantly rural and
•
water levels are controlled by the natu ral variations in channe l geometry and
roughness. Within the city limits the river is confined within artifi cial banks
•
(Figure 2.4.1).
• Some 200 m downstream of the gauging sta tion, in Waterfall Garde ns, a pair
of sluice gates, which arc normally close d, arc used to provide suffi cient head
• to supply water to the Truro lea system. These can be opened (raised) in
times of fl ood. Be low the sluices the river fl ows between a high right bank
• reta ining walls and a vertical left bank which carries a footpath. The wall
protects basement properties in St Georges Road which, given the ir very low
•
level relat ive to the river bed, are at risk fro m surcharging drains and , more
se riously, fro m failure of the wall.
•
Further downstream the river is culverted under the city cen tre for abou t 800
• ft (325 rn). The culvert was constructed in Victo rian times, a period of major
change in Truro with the development of River Stree t and the const ruction of
• St Georges Road. Thc original capac ity of the culvert was around 15 ni s s- ' .
Inevitably, silting occurred over the years and a major clearance opera tion was
undertaken in February 1956 removing silt and debris from the culvert . Majo r
structural improvements and maintenance were also car ried ou t around 1971.
• In particular the tu nnel was line d to improve its hydraulic effi ciency and thus
its capacity was increased to around 18 m3s- A debris screen in the
• Waterfall Gardens prevents material fro m entering the culvert and is regu larly
cleaned. The screen was, however , poorly designed and its blockage may have
• contr ibuted to fl ooding upstream in the gardens on a few occasions.
• Immediate ly below the city cen tre the river enters the tidal dock are a. O n a
few occasions the coincidence of large fl ows and a high tide have ca used
• fl ood ing of properties adjacent to the docks. However, the gradient of the
culvert is quite steep, thus confi ning the tidal infl uence to the reach
• immediate ly above the dock area. An analysis of the maximum water levels in
this reach would require add itional water level data and/or hydraulic
• mo delling.
• Some past fl ooding incidents reported in the press (see Section 3 below)
appear to be a result of poor surface drainage within the city centre. Direct
• runoff fro m roofs and paved areas appears to be too great for the gutters
and drains dur ing heavy rainfall. Wh ile concurrent high water levels in the
• Kenwyn can aggravate surface drainage problems, the primary requirement for
•
•
6
•
••
•
•
•
•
•
•
•
•
•
•
•
•
•
•
Figure 2 4.1 Plan of Trwv showing R iver Kemiry n and gauging
station (arrowed).
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•their resolution would be hydraulic rather than a hydrological modell ing
analysis.
•
3. History of fl ooding in Tr uro
•
•
•
Severe fl oods which cause damage to property and disruption of traf ic are
almost invariably recorded in newspapers and journals. Furthermore these
•
accounts often draw attention to previous fl oods. For example, a headline in
the  West Briton A rgus  (WBA),  Monday, February 1st 1988 (following the
•
January fl ood) read  Flashback to 1956  and showed a photograph depicting a
scene in the city centre during a fl ood 32 years previously.
• A  search of the newspaper and journal archives in Truro and Redruth was
•
undertaken by Richard Horrocks from South West Water. To concentrate the
search ef ort a preliminary list of potential dates of fl ooding was compiled by
•
analysing heavy rainfal ls, from daily records available from 1890. As int imated
in Section 2, there is no simple relationship between rainfal l and fl ooding for
•
the Kenwyn, therefore this list was used only as a rough guide. However, the
threshold of rainfal l was set sufi ciently low to catch most fl oods.
• The period from about 1830 to 1870 witnessed major changes in Truro with
•
the development of River Street and the construction of St Georges Road
and the culvert from Castle Street to downstream of Victoria Place. It would
•
therefore be very dif fi cult to compare the magnitude of fl oods before about
1870 with those later.
• On 13th November 1875 'there was very heavy rain ... and the river rose ...
•
so high that some houses in the lower part of the town were inundated'
(Royal Cornwall Gazette, RCG, 20/ 11/ 1875). There is no mention of any tidal
•
infl uence. Further flooding occurred on the following day but this was
associated with a high tide.
• Eight inches (203 mm) of rain fell during the 4th and 5th of October 1880;
•
this was ' the greatest rainfal l within human recollection'. 'Many houses in the
city were fl ooded' (RCG 8/10/1880). The report does not say that fl ooding was
•
a result of high river levels but this amount of rainfall would almost certainly
have produced very high fl ows, unless the catchment was very dry, which is
•
unl ikely in October. Nevertheless, much of the fl ooding may have been due
to surface drainage problems. A later edition of this newspaper (15/1111894)
•
says that 3.0 (76 mm) inches fell in 24 hours.
•
On 28th September 1882 'the tide rose very high and covered Green Street
and rose into the cellars in Old Bridge Street' (West Briton 2/ 10/1882).
•
'The spring tide reached an unprecedented height' on 2nd February 1885
•
'fl ooding a number of businesses and causing great damage to property.
About 7:30 there was water enough in Victoria Square to fl oat a boat' (RCG
•
6/2/ 1885).
•
• 8
•
'During the week ending' 13th November 1894 'no less than 6.73 inches (171
• mm) fell' . Between 9.00 am on 11th and 9.00 am on the 12th ' the fall
amounted to 2.36 inches' (60 mm). Stressing the importance of wet antecedent
• conditions in causing fl oods on this catchment the art icle states that; the
October 1880 storm 'had not such disastrous effects as the present, as it was
• not preceded by so much rain'. By the 12th ' the streams had risen to such
an extent that the houses at the east side of St Georges Road were
• inundated, the shops in River Street ... were almost knee deep through the
stream having become choked and forced its way through thc fl oors of the
• houses' (RCG 15/11/1894). I t is not clear whether choked means with debris
or just too much water.
•
' In the early hours of ...' 6th February 1899 ' ... a heavy rain storm burst
• over Truro and district doing damage to property ... the street grates quickly
became choked and water spread into the road and many houses in the lower
• part of the city were fl ooded'. This event was clearly dominated by poor
surface drainage since 'the water rushed through the pottery yard to the river'
• (RCG 912/ 1899).
• 'There was a torrential downpour of rain in Truro during' the night of 7/8th
October 1924. 'Water fl owed down the River A llen with such force that ... it
• rose over the banks and ocaused the fl ooding of premises' (WB, 9/10/ 1924).
There is no mention of fl ooding from the River Kenwyn.
•
In January 1956 an estimate of' ' £5000 for the Truro anti-fl ood work' was
• suggested by the City Council. (WO & RCG, now a combined newspaper,
16/ 111956). By 6th February of that year, af ter ' clear ing and removal of silt
• and debris from the 800-ft length of culvert beneath River Street ... 2,000 tons
of soil had been taken away' (WB & RCG 612/ 1956).
•
On Christmas Day 1956 'Truro, the scene of four disastrous fl oodings in the
• last two years, was once again one of the places where the storm brought the
most damaging fl oods ... The River Kenwyn rose rapidly and overfl owed its
• channel ... in several houses in St Georges-villas water covered fl oors up past
the ski rt ing boards ... It was estimated that the river's rate of fl ow was
• 200,000 gallons a minute' (15 m3sec- ' ). A ntecendent conditions were again
important 'Mr O'Far rell (City Surveyor) said that fl ooding ... was due entirely
• to the heavy rainfall on saturated land'. Residents voiced the same sentiments
then as today about the irregular natu re of the fl ooding; 'This is the fi ft h
• time in two years we have had the fl oods yet for 15 years before we never
had the water in' . (WB & RCG, 27/ 1211956). As yet reports on the previous
• fl oods mentioned have not been found.
• 'T ruro had its wettest night on Monday (10th August 1959) since 1927 ... In
all 3.1 inches (79 mm) fell with the result that water at various depths
• entered some business premises and private dwellings in dif erent parts of the
city' Again reference is made to fl oods in 1954: 'the fl ooding this time had a
• dif erent cause from that of fi ve years ago. Then the country was
water-logged ... this time the deluge was too much for the drains' (WB &
• RCG, 13/8/1959) implying that the cause of fl ooding was surface drainage.
Despite heavy rainfall, dry antecedent August conditions presumably helped to
• avoid river fl ooding.
• The next accounts of fl ooding occurred after the building of the gauging
•
• 9
•
•• 27th January 1988
station on  the Kenwyn. ' 1 l a inches  (38  mm)  of  rain  fell on  the Truro area
•
on Monday (29th November 1971)' and the Water Boards 'welcomed the rain
because underground supplies wcre starting to dry up'. These dry antecedent
• condit ions suggest that 'flooding ... in the Truro area' (WB & RCG,
2112/ 1971) was due to surface drainage problems, thus explaining why high
• fl ows were not recorded at the fl ow gauging station.
•
Fl ooding as a result of surface water also occurred in August 1975, August
1977 and October 1977. On 28th December 1979 'Torrential rain ... 3 3/4
• inches (95 mm) in 48 hours ... turned Truro's normal ly placid River A llen
into a raging torrent which overfl owed its banks in the city centre' (WB &
•
,RCO, 3/1/ 1980). However, the Kenwyn appears not to have fl ooded despite
recording the highest fl ow previous to 1988.
•
These accounts demonstrate that fl ooding is certainly a problem in Truro and
has been for many years. However, many of the fl oods are due to poor
surface drainage, sometimes aggravated by high tides, rather than river fl ooding
per se.
•
• 4. Accounts of the 1988 fl oods
•
On the afternoon of 27th January 1988 heavy rain fell over much of central
•
Cornwall. The highest daily fal l recorded was 91 mm at Trevince, 10km
WSW of Truro, whi lst 58.1 mm was measured in Truro itself. A catchment
•
average rainfal l of 67 mm was calculated for the two day period starting at
9.00 hr 26th, using the Insti tute of Hydrology triangle method described by
Jones (1982). This total was apport ioned between the 24 hours using data
from the Camborne weather radar. The catchment average rainfal l hyetograph
for the  event is shown in  Figure 4.1. The  estimated rai nfal l for the  fi ve
hours between 13.00 and 18.00 was 38.2 mm. A lso shown in Figure 4.1 are
the hyetograph recorded by the autographic gauge at Rosewame, and the
runoff hydrograph for the Kenwyn at the Truro gauging station, which peaked
at 2.12 metres at 17.30 hrs. Extrapolation of the stage-discharge rating
relationship to this level gives a fl ow of over 30 m3s-.' However, the peak
fl ow was revised to 22.5 m3s- I , following evidence that the water level had
been elevated by debris which had collected across the weir (Horrocks, 1988) .
• A post-fl ood survey of the city centre culvert found no evidence of
obstructions or debris.
Further downstream the fl ood led to fai lure of the river retaining wal l behind
• St Georges Road. The resultant rapid fl ooding of basement fl ats to a depth
of 1.5 m, almost drowned one of its residents A t around 16.45 hrs the
•
culvert beneath River Street reached capacity and approximately 50 commercial
properties were fl ooded, some to a depth of over 0.5 m. The total cost of
damage may exceed f 1M . A preliminary assessment by South West Water put
the return period of the fl ood at 350 years.
•
•
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11th October 1988
Heavy rainfall returned to Cornwall on the 10th and 11th October, fol lowing a
• week of widespread rain which had saturated the catchment. In Truro, 31.9
mm was recorded for the 24 hours up to 9.00 hr on the 12th. A catchrnent
• average rainfall for the two day period commencing 9.00 hr on the 10th was
45.1 mm. This total was apport ioned amongst the 48 hours using data from
• the weather radar at Predannack. Th is profi le apportions 32.5 mm to the fi vc
hours between 9.00 and 14.00 on the 1 l th October. The resulting event
• hyetograph is shown in Figure 4.2, together with that from the autographic
gauge at Rosewarne. The level of the River Kenwyn reached 2.11 m at the
gauging station at 15.15 hrs on the 1 I th, corresponding to a peak fl ow of
almost 31 m3s-1. The fl ood hydrograph is shown in Figure 4.2.
A photograph of the gauging station was taken just after the peak of the
• fl ood (Plate 4.1), showing that water levels are very high both upstream and
downstream of the measuring structure. If the road culvert was producing a
• back-water ef ect and causing drowning of the weir, the estimated peak fl ow
should be decreased. Herschy  et al,  (1977) provides a diagram from which
10 the drowned fl ow characteristics of Crump weirs can be calculated given the
ratio of the upstream and downstream heads. Very approximate est imates of
the heads were evaluated separately for each of the three weirs by comparing
the photograph with the engineering drawings of the structure. Thc highest
ratio estimated was for the central weir at j ust less than 0.8. The diagram
shows that even at this ratio, the reduction factor is only around 0.97. For
• the two side weirs the ratio is smaller. Thus there is litt le evidence that the
peak fl ow should be significant ly reduced. The photograph also shows that
some water is by-passing the structure since the level is slightly above the
wing walls. It is likely that this unmeasured quantity may compensate for any
over-estimate in fl ow due to drowning. Consequently, given the uncertaint ies in
the calculation, unless a full hydraulic study of the fl ow conditions at the peak
41/ of the fl ood is undertaken, the estimate should not be altered.
The leat sluices had been raised on the evening of the 10th after a fl ood
warning was issued. The high river fl ows led to a further failure of the
• retaining wal l behind St Georges Road, immediately downstream of section
recently re-built after the January fl ood, and one basement property was
fl ooded. However, other fl ooding in the St Georges Road area appears to be
have been primari ly the result of surcharging drains. As in the January event,
• fl ooding in the city centre occurred once the capacity of the culvert had been
exceeded. Plate 4.2 shows the culvert surcharging through access manholes
High tide was not unti l 18.00 hrs by which time the river levels had
dropped.
•
•
•
•
•
•
•
•
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Plate 4.1 River Ken ivyn gauging station taken at j ust aft er the p eak
of the fl ood on 11th October 1988
, tat
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Plate 4 2 Flooding in Truro city centre due to river culvert
surcharging through aa -ess manholes
t •
••
•
•
• 5. Stat istica l analysis of fl ood pea k data
•
• The rcturn periods of fl oods of various magni tudes can be estimated by
performing a statistical analysis of the recorded fl ood data. Two types of fl ood
• data are available for statistical analysis of the River Kenwyn at Truro: fi rstly,
the fl ood peaks which have been recorded at the Truro gauging station since
• it was built in 1968, and secondly details of historical fl oods recorded in
newspaper and j ournals.
•
• A nnua l maximum peak f lows recorded at Truro gauging station
•
A complete series of fl ood events is available for the 21 years of operation of
• the Truro gauging station (1968-prescnt). The  Flood Studies Report  (NERC,
1975) recommends that when between 10 and 25 years of data are available,
• fl oods up to retu rn periods of twice the length of record may be estimated by
fi tting an extreme value type 1 (EV 1) distr ibution to the annual maximum
• fl ood series. These annual maxima are given in Table 5.1 (both the January
and October fl oods are included since they occurred in dif erent water years).
Table 5.1 Annual maximum fl ood series f or the Kenmy rte
•
•
For greater return periods the mean annual fl ood should be calculated from
the data and regional growth factors applied. Table 5.2 shows the variations
result ing from applying these recommendations before, between and after the
two fl oods. The growth factors are those produced by Whiter (1984) as part
of a revision of the fl ood frequency estimation procedures for the South West
region using the  Flood Studies Rep ort  methodology. Graphs of the EV 1
•
•
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quantiles are shown in Figure 5.1.
Table 5.2 Statistical ana4Psis of annual maximum fl oods
before aft er aft er
January January October
fl ood fl ood fl ood
The  Flood Studies Report  also stipu lates that if any fl ood is greater than three
times the medians (as is the case for bo th the 1988 fl oods) it should be
considered as an outlier. In which case the conventional estimate of the mean,
the ar ithmetic average, should be replaced by 1.07 times the median , since this
is no t infl uenced by the ou tlier. The value of 1.07 is the average ratio of
the median to the mean for all sta tions in the UK which do no t contain
outliers in their annual fl ood series. However , if the period of record is
considered to be rep resentative of the long-term fl ood regime the ar ithmetic
average shou ld be re tained.
Arguments for and against the ou tlier ca tegorisation ca n be circular; if the
weighted median is used the return period of the event increases, thus the
justifi cat ion for declaring the fl ood as an ou tliers also improves. Co nt rarily, if
the arithmetic average is used the assesse d return periods is less extreme and
the fl oo d may no t be seen as an outlier.
17
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Figure 5.2 Comp aris on of E V1 and GE V distributions fi tted to
• annua l maxim um data 1968-1988
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The fl ow regime on the Kenwyn is somewhat similar to those of catchments
underlain by chalk. Percentage runoff is low during most events, but
occasionally a heavy rainfall coincides with a responsive, saturated - or frozen
as in the case of the Great Till fl ood (Cross, 1967) - catchment and a large
fl ood results. Thus, the occurrence of one or two events in the fl ood series
which are much greater than the remainder does not necessarily render them
outliers.
On balance is was considered reasonable to use the arithmetic mean annual
fl ood. In this case the return periods of the January and October fl oods using
the mean annual fl ood/regional growth curve method would be 100 and 400
years respectively. Use of the EV 1 distr ibution implies that, for the January
fl ood, it should be closer to 50 years, whereas the October fl ood is beyond
safe extrapolation of the method.
If the period of record is considered to be representative of the long term
fl ow regime, an improved estimate of the return period of the fl oods may be
calculated by fi tt ing a generalised extreme value (GEV) distribution to the
annual fl oods. The results from fi tting this distr ibution by the method of
probabil ity weighted moments (PWM) arc given in Table 5.3, and shown
graphically in Figure 5.2 together with the results from fitt ing the EV I
distr ibution.
Table 5.3 Flood *p antiles f rom fi tting  GE V by PWM (1968-1988)
return period peak fl ow
(m9s- ' )
AnalYsis  of historical peak f lows.
The history of fl ooding in Truro, described in Section 3, provides
information which can be used to make additional estimates of fl ood
frequency. Unfor tunately data pertaining to previous fl oods were not collected
in an objective manner, such as referencing peak water levels to a fixed
datum, and therefore individual events may not be strictly comparable.
Nevertheless techniques are available which can util ise historical information to
refi ne estimates of the long-term fl ood frequency distribution. Several
assumptions need to made when analysing the data Firstly, al l fl oods above a
given threshold fl ow or level would have been recorded in some way. This is
not unreasonable in a city such as Truro where flooding makes news in the
local paper. A n exhaustive search would involve scanning every page of every
newspaper - but, as described in Section 3, rainfall data were used to indicate
potential dates. Clearly the histor ical data collected must be restricted to fl oods
caused by excess river fl ows. Unfortunately newspaper accounts do not always
19
return fl ow peak fl ow
(m3s- i )
5 8.67 50 28.82
10 12.41 100 41.72
25 19.99
••
dif ferentiate between flooding from blocked or inadequate surface drains and
river fl ooding. The second assumption is that there is a consistent relationship
between level and fl ow so that the events are hydrologically comparable.
Clearly, the dredging of the culvert in 1956 and the improvements carried out
in 1971 wil l have increase i ts capacity; thus similar events before and
afterwards would have resulted in dif ferent levels of fl ooding. A summary of
the history of fl ooding in Truro, descr ibed in Section 3, is given in Table
5.4.
Table 5.4 Summary of f looding history in Truro 1830-1987
Date Subjective assessment
c 1830-1870 Development of River Street, construction
of St Georges Road and culvert.
13 November 1875 Gales and fl oods. High tide.
4/5 October 1880 Heavy rain. Surface water ?
28 September 1882 High tide.
2 February 1885 Extreme tide.
12 November 1894 Serious fl ood. Wet catchment.
6 February 1899 Heavy rain. Surface water ?
7/8 October 1924 Heavy rain. Mainly River A llen.
1954-1955 ? Reference to fl oods, details yet to be
confi rmed
1956 Improvements to culvert, removal of sil t.
25 December 1956 Flooding St Georges Villas.
10/ 11 August 1959 Heavy rain. Surface water ?
1971 Hydraulic improvements, culvert capacity
increased
29 November 1971 Heavy rain. Surface water.
8 August 1975 Thunderstorm. Surface water.
? August 1977 Heavy rain. Surface water.
? October 1977 Heavy rain. Surface water.
27128 December 1979 Fl ooding of River A llen.
A number of possible interpretations can be placed on the worst fl oods which
have occurred on the River Kenwyn since the Cl 9th.
1) Between 1870 and 1967 only one event, that of 1894, exceeded 18
s -1ITI S
2) Between 1870 and 1967 there were only two events, 1894 and 1955, which
exceeded 18 m
3) Between 1870 and 1967 there were only three events, 1894, 1955 and
1956, which exceeded 15 mas-1.
4) Between 1870 and 1967 there were only two events, 1894 and 1955, which
exceeded 20 m3 S- .
20
•5) Between 1850 and 1967 there were only two events, 1894 and 1955, which
exceeded 18 m l s- t .
• The hydrological consequences of each of these scenarios can be investigated
by fi tt ing a GEV distribution to the historical data combined with the annual
maximum fl ood peaks recorded at the gauging station by the method of
•
maximum likelihood. The methodology is similar to that described by Leese
(1976). Th e information required comprises a threshold fl ow value above
•
which al l fl oods are recorded, the number of fl oods which exceeded the
threshold and the length of the histor ical period. The exact magnitudes of
•
the historical fl ood peaks are not required. The results are given in Table
5.5.
• Table 5.5 Estimates of fl ood guanines (m 's- ' ) using historical fl ood
data
41 Return Scenarioperiod 1 2
 
3 4 5
•
1 1870 2 1870 3 1870
> 15
2 1870 2 1850
> 18 > 18
 
> 20 > 18
•
10 10.0 10.6 10.4 11.1 10.3
• 25 14.6 16.1 15.7 17.1 15.3
50 19.4 22.1 21.5 24.0 20.7
• 100 25.9 30.6 29.6 33.7 28.4
41
• The sensit ivity of the histor ical data method to changing the threshold, length
•
of historical record and number of exceedences can be seen in Table 5.5.
Scenarios 2 and 3 are perhaps the most likely, suggesting that the return
•
period of the January .fl ood is approximately 50 years and that for the
October flood is around 100 years, Because of the form of the result ing
•
distr ibution (the estimated value of the GEV parameter k is -0.49) the return
period of the mean annual fl ood is around 1.1 years.
•
6. Rainfall-runof analysis
•
•
•
An al ternative approach to the purely statistical method of fl ood frequency
analysis described above is the rainfall-runoff technique. This involves applying
•
design rainfal l inputs to a rainfal l-runof model of the catchment in order to
produce fl oods of various return periods. Th is approach is often favoured by
•
engineers, since the model parameters have a physical meaning, thus al lowing
easier application of hydrological knowledge of the catchment. Full details of
•
the method are given in the  Flood Studies Report  and  Flood Stud ies
Supp lementary Report  16 The model has two fundamental parameters,
•
• 21
•
percen tage runoff (PR) , which controls the volume of rainfall which runs of
• as the fl ood fl ow, and the time-to-peak (Tp) of the unit hydrograph . which
cont ro ls the relative rates of runoff th rough the event. The percentage ru noff
• part of the mo del consists o f two components (i) a constan t term for the
catchment (SP R) and (ii) two dynamic terms which increase PR with sto rm
• rainfall depth (DPR0 , ) and antecedent catchment wetness (DPRRm N).
• PR = ( SPR ) + ( DPRRA IN + DPRc w / ) (6.1)
• constant compo nent dynamic component
• where
DPRCW I = 02 5 (CWI- 125)
DP RRA IN 0.45 (P-40)" for P > 40 mm
DPRRA IN 0 for P 40 mm
•
In the abse nce of fl ow data, SPR can be estimate d from the proport ions of
• the catch ment underlain by soil of fi ve clm es (S1 ... S5, Figure 6.1) based on
their wintcr rain acceptan ce potent ial (WRA P ).
•
SPR = 10 S 1 + 30 S2 +37 S3 + 47 S4 + 53 55 (6.2)
P is the to ta l precipitation and CW1 is  an  antecendent catchment wetness
• index
CWI = 125 + AP L5 - SMD (6.3)
• SMD is the soil moistu re deficit at the sta r t of the storm and AP IS is an
antecendent prec ipitation index of the previous fi ve days rainfall. It is usually
• pre ferable to use estimates o f SPR and Tp from events recorded on the
catchment of interest. As part of a revision of the parameter estimation
• equations, Boorman (1985) presents results for the analysis of 10 events on
the Kenwyn. The fl ow hydrographs and rainfall hyetographs are given in
• Appe nd ix I. Seven of these events and the two fl oods of 1988 were chosen
for fu rther analysis. Th ose discarded were found to have poor quality data.
• De ta ils of the updated results from the analysis of the nine events are given
in Table 6.1.
•
It can be see n that PR is less than 20% for all events except the 1988
• fl oods.
• These fi nd ings are compar able with values of percentage runof evaluated for
fi ve events by MacG regor and Cameron ( 1977), as part of a unit hydrograph
• stu dy of five Co rnish catchtnents, which range d from 6% for a Ju ly event to
20% for a Jan uary even t. It is important to note that all these even ts were
• small, in te rms of peak fl ow, when compared with the 1988 events; see the
peak fl ow column in Table 6.1.
•
•
•
•
•
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••
•
•
• Rainfall profi le from weather radar data
•
• The 1988 fl oods were not particularly extreme in terms of rainfal l intensity.
The critical duration of rainfal l for this catchment is about fi ve hours. The
• Flood Studies Report gives the 5 year return period, 5 hour rainfall as 31 mm,
the 10 year as 37 mm and the 20 year as 44 mm. The January storm, for
• which the maximum fi ve hour rainfal l was 38.2 mm, thus has a return period
of around 12 years whilst the October storm (32.5 mm) would occur once, on
• average, about every 7 years. Both are considerably more frequent than the
result ing fl oods. A further contradiction is that the peak fl ow for the January
• event was less than that for the October fl ood. Thus 5-hour storm rainfall
intensity is not the only important fl ood producing mechanism. Th is is clear
• from the event of 13th September 1975 which exceeded both 1988 events in
terms of rainfal l but only resulted in a peak fl ow of 3.7 m I s-1 due to a high
• SMD and low API.
• The hydrological description of the catchment (Section 2) and the .accounts
of historical fl ooding (Section 3) emphasise the role of antecedent rainfall, an
• index of which is A PI (given in Table 6.1), in percentage runof and fl ood
generation.
The Flood Studies Report rainfal l-runof method was applied to the catchment
• using the microcomputer package micro-FSR (Boorman, 1988). A value of 2.4
was used for Tp with the time interval, T, equal to 03 where
•
Tp = Tp0 + TI2 (6.4)
•
•
•
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•
Two values of SPR where employed. The parameter estimation equation (6.2)
• gives SPR as 30%. This value provides a compromise between lower values for
the smal l fl oods analysed and the two events of 1988 (see Table 6.1). Fl ood
• quanti les were also evaluated using an SPR value of 35 which is an average
of the two 1988 events, and perhaps more representative of the fl oods of
• higher re turn periods. The results are given in Table 6.2.
•
Table 6.2 Es tium ates of f lood quantiles (m ss- t )from rainf all-runof
• m ethod
•
• Retu rn Tp 2.4 hr Tp 2.4 hr
period SPR 30% SPR 35%
•
• 5 14.3 16.5
10 17.4 20.1
• 20 20.8 23.8
30 22.6 25.8
• 50 25.6 29.2
100 29.4 33.5
•
•
Full de ta ils of the calculations for the 50 year retu rn period fl oods are given
• in Appendix IH. A value of 6% was used for the urban area, even an
increase of 1% would only increase the 1000 year fl ood by 0.5 m3s- I . It is
• concluded that the degree of recen t urban development in the ca tchment is
no t su fficient to signifi ca nt ly affect fl ood fl ows. Th ese results suggest that the
• January fl ood had a re turn period of around 17 to 30 years whilst the
October fl ood would be exceeded once, on average, every 70 to 110 years.
•
•
• 7 Analysis of daily ra infa lls
•
• Daily rainfall depths are available for Truro from the 1890's to the present. If
some index of fl ood producing rainfall could be derived then the return period
• of the 1988 fl oods could be estimated in terms of this index. As d iscussed
earlier in several places, antecedent rainfall is clearly important given the
• pervious natu re of the catchment. However, there is no obvious ly simple
relation ship between rainfall and fl ood magnitude. To examine the kind of
• relationship which might be suitable, an antecedent rainfall index, A RI , was
calcu lated for each day of the fl ow gauging record from the daily rainfall data
• using the equation
• ARld = P
- d + k•Pd-i + k2-Pd-z 4. k 32 (7.1)
• = Pd kA RId_
• Th ree trials were undertaken using values of k equal to 0.8, 0.85 and 0.9. Th e
45 largest ARIs in each run were a cembled in ran k order. The dates of all
• fl ood peaks recorded at the gauging sta tion before 1988 which reached over
•
•
24
•
•
the three tr ials only fi ve of the 10 largest fl oods appeared in the top 45
A R1s. The poor performance of this method may be due to the fact that
•
al though the daily rainfall totals arc suitable for anteccdent rainfall indices up
to the beginning of the day of the fl ood, the event itself may be generated
•
by a short duration, high intensity rainfall which is not signifi cant as a daily
fal l. A s mentioned in Section 6, the critical rainfall duration for the Kenwyn
•
is around fi ve hours. Therefore, the most suitable antecedent rainfall index
may consist of a combination of the several days rainfall previous to the day
•
of the event and the maximum fi ve hour rainfall during the event.
Unfortunately, hourly rainfalls are not available for a sufi ciently long period
•
on the Kenwyn to be able to test this hypothesis.
• DISCUSSION
•
•
The most recent recorded event which caused river fl ooding prior to 1988 was,
most likely, in 1956. The highest fl ow accurately measured before 1988 was
•
13.6 m3s-1, well within the capacity of the city centre culvert. Consequently,
residents of the city, the many of whom will have moved into the area since
•
1956 would, before January 1988, have assumed that Truro had no river
fl ooding problem, and others may simply have forgotten. I t is not surprising,
•
therefore, that many residents were somewhat alarmed to experience two large
fl oods with 10 months. The small degree of urbanisation of the catchment is
•
not suffi cient to have caused a signifi cant change in its response. Other
characterisitics of the catchment, such as land use practices do not appear to
•
have altered for many years; there is lit tle evidence of wide spread artifi cial
drainage, afforestation or mining. Despite evidence for global temperature
•
changes, it is unlikely to have been suffi cient to have al tered the climate of
Cornwall to such an extent as to radically change the fl ood frequency. Thus,
•
there is no reason to suppose that the two 1988 fl oods were not simply
chance occurrences. Indeed, the historical evidence indicates that fl ooding has
• been a problem in the past, with at least one (1894), and maybe two or
more (1955 and/or 1956), major fl oods in the last 100 year. The likelihood
•
that these events may be equalled or exceeded in the future has been assesscd
by a frequency analysis of the available information.
•
• Table 7.1 Summary, of  al um  period estimates
•
•
Method January October
4.0 m3s-1 were also assembled and ranked according to peak fl ow. In each of
•
Statistical; mean annual fl ood/growth curve 100 380
• Statistical; EV 1 50
Statistical; GEV 30 60
•
Statistical; historical record 50 100
Rainfall -runof 17-30 70-110
•
•
•
•
25
•
•0
•
0
Table 7.1 summarises the results from the different methods employed,
• these arc displayed graphically in Figure 7.1. Each of the methods has its
advantages and drawbacks. Th e G EV distribut ion fi tted to the annual
• maximum data recorded at the gauging station produces the steepest curve. It
is likely that these data are broadly, but no t entirely, representative of the
• long term fl ood regime.
• Th e rainfall-runoff method produces fl ood frequency curves which are much
shallower. Th is is probably due to an inadequate API term in the pe rcentage
• runoff model (Eq 6.1). It appears that this catchme nt is particularly sensitive
to the antecedent cond itions. Th e curve in Figure 7.1 results from employing a
• fairly high SPR. It may bc mo re reasonable to use a lower SPR and a higher
multiplying facto r than 0 25 in the DPR term. This would reduce the
• magnitude predicted for the more frequent fl oods but increase the steepness of
the fl ood frequency curve. Unfortun ately, there are insufficient data for the
• catchment to justify recalibra tion of the CWI model.
• Usc of the regional growth curve/at-site mcan annual fl ood method relies on
the other ca tchments in the Sou th West region being similar to the Kenwyn
• in te rms of their fl ood frequency distributions. However, there is considerab le
variation in other hydrological parameters within the region , such  as  BF]
• (0.27-0.72, Institute of Hydrology, 1988) which is closely (inversely) relate d to
percentage runoff. BFI for the Kenwyn is given as 0.66. Th e Kenwyn perhaps
• has a steeper, than regional average, growth curve due to fl ood generation
resulting from the jo int occu rre nce of a wet ca tchment and intense rainfall.
Another prob lem is that the me tho d is sensitive to the cl assification of the
1988 fl oods as ou tliers, or no t, which signifi ca ntly affects the at-site estimate
of the mean.
A majo r problem with using the historical data for fl ood frequency an alysis is
that there have been changes in the hydraulic prope rties of the culvert to
• increase its capacity. Th us all historical events are not st rictly co mparable.
Neverthe less, the 2nd and 3th sce narios presented in Table 5.5 are no t
• unreasonable and provide the best estimates of the retu rn pe riods for the two
floods..
•
The fl ood hazard, as far as it is perceived by the riparian inhabitants is a
0 result of the interaction of the hydrology, hydrgeology and the hydraulics of
the catchment. a early, however great the the river fl ow is, if it stays with in
• the channel it poses no risk, and is not classifi ed as a fl ood. Flooding in St
Georges Road may be decreased by st rengthening the wall. The solut ion for
O the city ce nt re is no t so easy. Increasing the size of the culvert would no t
be fi nancially feasible. A suitab le op tion for a fl ood alleviation scheme woulde be a sto rage area for fl ood waters upstream of Truro. This would give a
level of protection up to the chosen des ign standard, which may be the 200
• year fl ood, or perh aps the October fl ood.
•
•
•
•
•
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8. Application of results to River Allen
The River A llen has also been known to cause fl ooding in Truro. Notable
examples are the events of 7/8th October 1924 and 28th December 1979 (see
Section 3 for details). Clearly, results from the analysis of floods on the River
Kcnwyn can be useful in estimating the fl ood frequency distribution of the
A llen; they are _geographically proximate and have similar land. use and rainfal l
regimes. Flood Studies Supplementary Report 13 details how best to approach
the use of this local data
Table 8.1 Comp arison of soil Op es between the Rivers Ken wyn and
A llen
River Kenwyn River A llen
km2 km2
Th e drainage area of the A llen near to Truro city centre is around 27 km2
(depending on the exact location). Table 8.1 shows the extent and percentage
of the catchment underlain by soils of dif erent associations, as given by
Findlay et al (1984). A map depicting their spatial extent is shown in Figure
2.1 The most striking aspect is that both catchments are dominated by
approximately equal percentages of soils of the Denbigh type. This supports the
information in Figure 6.1 which shows that both catchments have similar
WRAP class soils according to that classification. Given the similarity in both
soils and geology, it is likely that the flow regimes are similar in terms of
sub-surface storage and percentage runoff.
Since the rainfall-runoff model is felt to be inadequate to model the fl ood
frequency behaviour on the Kenwyn, it is perhaps advisable to use a statistical
method of analysis on the Allen. The F7ood Studies Report gives an equation
for estimating the mean annual flood, Q, from catchment characteristics.
b  = 0.0284 AREA"  4  STMFRQ° .27 s o il , " g s m D 1.0 1
( i +L A K E I " S 10 85 17-1 6 (8.1)
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Using this equation, together with the ca tchment characteristics given in
• Appendix 2, gives a Q estimates of 8.1 in ' s' for the Kenwyn. Th e annual
maximum fl ow data (Table 52 ) suggests that this fi gure should be nearer to
• 7.7, thus the equation is overpredicting by a factor of 1.05. Once the location
has been chosen on the Allen at which fl ood estimates are required, the
• physical characteristics of the catchment, including slope and stream frequency
can be calculated . Equation (8.1) can then be used to provide a
• fi rst estimate of Q. This fi gure can then be divided by the scaling factor
(1.05) if it is felt that the catchments are fairly similar in terms of their other
• physical characteristics. To estimate fl oods of less frequent occurrence the best
•
estimate of 0 should be increased by multiplying it by the appropriate growth
factor. This growth factor can be selected either from the South West regional
•
growth curve or from a growth curve derived by dividing the fl ood quantiles
for the Kenwyn catchment by 7.7. The choice will again depend on the
•
similarity between the catchments indexed by their physical characteristics. It is
recommended that the Kenwyn growth curve is only used for fl oods up to a
•
return period of 100 years.
0
•
9 Conclusions
•
• Th e city of Truro experience d two large fl oods in 1988 from the River
•
Kenwyn. Evidence is available to be able to assign a wide range of return
periods to the two fl oods. Statistical analysis of the historical information
•
probably provides the best estimate of the fl ood frequency curve.
•
This assigns return periods of 50 and 100 years to fl oods of 22.5 and 303 7
m31 1 which are the estimated peak fl ows for the January and October fl oods
•
respectively (Table 9.1). The probability of getting a 100 year and a 50 year
fl ood in any two consecutive water years is 0.004 (or 1 in 2500). Thus the
•
occurrences in 1988 were exceptional but not implausibly so .
•
Knowledge of the Kenwyn's fl ood regime can be useful for fl ood frequency
estimation on nearby catchments such as the Allen which also drains through
•
Truro.
•
•
•
•
•
•
•
•
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Table 9.1 E stinwtes of f lood quantiles and growth fr esco of ' the
River Kenwyn
Return period Peak fl ow
-years m s
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Appendix 1
FLO W HY D RO G RA PHS AN D RAINFALL HYETO GRA PHS
FO R EVENTS EVENTS ANALYSED
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 4: A: 4: A: %K t * A: * * *
Ins t i tu te o f H y d ro lo g y • sj
U K DE S IG N F L O O D E S T IM A T IO N
•
S um ma ry o f es t im a te u s ing F lo o d S tud ie s Rep o r t ra in fa ll- ru no ff m e thod41 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * A:  * * * * * :* * * * * * * * * * * * * * * * * * * * *:
41
41
41
41 U s ing ra in fa l l s ta t is t ic s fo r E ng la nd a nd W a le s
41 Re tu r n p e r io d fo r d e s ig n f loo d : 50 .0 y e a rs
re q u ire s ra in re tu r n p e r io d 8 1 .0 y e a rs41 M S - 5 .5 ho u r/ M 5 -2 d ay 0 .50 1 m m .
M 5 - 5 .5 ho u r 3 3 .6 mm .41 M 8 1 .0/ M 5 1 .8 5
M 8 1 .0- 5 .5 ho u r 62 .3 mm . (p o in t )41 A RF 0 .9 4
M 8 1 .0 - 5 .5 ho u r 58 .7 m m . (a re a )41
De s ig n s to rm d ep th . 58 .6 8 m m . (P op t io n . : 1 )41 (P ro fi le o p tio n : 4 )
(w h ic h is 75% W in te r P ro f ile ) •41 De s ig n CW I : . 12 3 .6 1 (C W I o p tio n : 1 )
S ta nd a rd Pe rc e n ta g e Ru no ff 3 5 .0 0 (S P R op tio n : 0 )41 Pe rce n ta g e ru no f f 38 .72 % (P R op t io n : 1 )
•
Re sp o ns e hy d ro g ra p h p e a k 28 .5 5 c u m e cs41 Base f low 0 .6 3 c u m e cs
(B ase f lo w o p tio n : 1 )41
De s ig n hyd ro g ra p h p e a k 29 .18 c u m e cs41
**********************, ****************, . . , . „ „ „ *" " *" . *,"41
 micro-FsR - Ins t i tu te o f H y d ro lo gy Ve rs io n 1 .1 r ( i i)
41
41
41
41
41
41
41
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